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We also synthesized an equal number of maleimides using conventional synthetic chemis-
try, that being reaction of maleic anhydride with the requisite amine, followed by condensation
of the maleimic acid to the maleimide itself. This chemistry required a great deal of patience,
yet when done properly, led to the necessary monomers in high purity.

Our first polymerization studies were done in solvents in order to prepare a series of
"benchmark" polymers for thermal analysis work. We examined all polymerization combina-
tions, i.e., difunctional donors combined with difunctional acceptors, difunctional donors with
tetrafunctional acceptors, tetrafunctional donors with difunctional acceptors, and finally,
tetrafunctional donors and tetrafunctional acceptors. DSC and TGA analysis of these polymers .
indicated they possessed the thermal stability necessary for performance in their required
application.

~ The research turned toward bulk polymerization using room temperature initiator sys-
tems based on benzoy! peroxide and N,N-disubstituted aniline. Bulk polymerizations were con-
ducted with a combination of donor and acceptor monomers, giving both linear and bulk poly-
mers. 1t became apparent that these bulk polymerizations, though proceeding at a reasonable
rate at room temperature, did not proceed to complete conversion due to vitrification (vitrifi-
cation is a phenomenon which interferes with complete conversion when operating under bulk
polymerization conditions). However, research within a series of linear polymerizations demon-
strated that parameters could be adjusted to increase conversions to desirable levels.

During the course of this research a new concept, termed the 2-Tg concept, evolved to
synthesize high Tg polymers at room temperature. In the 2-Tg approach, a low Tg component is
coreacted with monomers designed to form a high Tg network, wherein the low Tg component
acts as the "solvent" during the polymerization itself. At some point the low Tg component
phase separates and becomes "property inert" with respect to the high Tg performance. "Sol-
vents" chosen were comonomers possessing polyoxynthylene or polydimethylsiloxane.

“ The 2-Tg approach has merit, and high Tg materials were prepared at or near room
temperature using this chemistry. We strongly urge that the 2-Tg concept be further advanced
to yield materials of practical value.
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FOREWORD

This report covers research performed by the University of Florida, Gainesvillye,
Florida 326i 1, on Contract F33615-85-C-5093, "New Cure Chemistry for Low Energy
Cure of Matrix Resins." The period of research covered was from February 1986 to July
1988. The report was submitted in November 1988. '

The research was performed in the Department of Chemistry by Dr. Choon H. Do,

Mr. Mike Johnson, and Dr. Mark A. Smith under the direction of Dr. Kenneth 3. Wagener,

| the principal investigator. Dr. George Butler, an expért in the field of donor acceptor
polymerizo’rion‘ chemistry, served as a consultant during the course of this research.

-This effort was sponsored by the Polymer Branch (AFWAL/MLBP), Nonmetallic
Materials Division of the Materials Laboratory, Air Force Wright Aeronautical Labora-
tories, Wright-Patterson Air Force Base, Ohio. Bruce Reinhardt was the Project Engi-

neer.
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1. INTRODUCTION AND STATEMENT OF THE PROBLEM
According to a r:acenf study conducted by the National Materials Advisory Board,

MNational Academy of Sciences!

y there exists a need for matrix resins that can be pre-
pared at ambient or near ambient temperatures for "on-site" airfoil repair. The low cure
temperature thermoset polymers should possess excellent mechanical 'per‘formonce at
temperatures around 350 F, rapid cure times, and easy formulation c’harocferisﬁcs.k
Properfies of interest include a high glass transition temperature, a high bending modu-
lus, a low propenéity towdrds fibrillation, a high degree of solvent resistance, essentially
no creep, a high tear strength, significant puncture resistance, minimal flexural fatigue,

and excellent adhesion to metal surfaces.

The synthesis of high Tg polymers at room temperature historically has been

regarded as a difficult problem to solve, in that the glass transition temperature is

largely a function of the cure temperature when the synthesis is approached in a conven-

tional manner (Figdre 1). The work of Gillhclm2

shows that while the gloss' transition
temperature of a variety of polymers can be higher than the cure temperature, it is not

sufficiently high to be useful under conventional curing approaches. A second problem is

- manifested in terms of vh‘rificc:'rior'\,3 as illustrated in Figure 2. Vitrification describes a

phenomenon in which the immobility of functional groups in the solid state prevents
further reaction in a polymerization sYs'rem. Thus, when polymerizoﬁon‘s are oﬁemp'red‘
in the bulk stcte‘, which is a goal of this research, vitrification leads to a céssa_fion of |
polynﬁerizoﬁon.' Consequently, in the course of this research we Hove dgveloped a con-
cépf, which is called the 2‘-Tg cohcep'r, to overcome both of these prob_ler-ns‘, i.ye., to
achieve glass transition temperatures obove those of cmbiem‘ cure temperofurg, and to
avoid the nego’rive effects of vitrificoﬁén.

1t has beén the goal of this research to use this concept to synthesize such poly-
mers by emp|oymg donor acceptor polymerlzohon chemistry to create - -at or near am-

bient temperatures - motnx resins . that exhibit many, if not all, of the deswable mechan-

ical properties mentioned above.
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Donor acceptor polymerization is one type of chain propagation, addition type

polymerization of vinyl'groups initiated by radicals. Figure 3 exemplifies donor acceptor

- polymerization. Two monomers are required, one possessing an electron donor group ("D

in Figure 3) and the other possessing an electron acceptor group, "A".- As is shown in
Figure 3, each monomer oftén is slow to polymerize by itself at room temperature, yet
copolymerization is rapid yielding essentially alternating copolymers.t“I6 '

This chemistry can be uSéd to synthesize matrix copolymers by using di- and
1e'rrofuﬁctionol donors and di- or tetrafunctional acceptors such that copolymerization -
will lead to matrix copolymer systems. Several vinyl ether based donor di- and tetra- |
functional comonomers have been investigated, in combination with a voriefy of malei-
mide based, acceptor di- and tetrafunctional comonomers. In each case a two part
radical initiator system was used, one part dissolved in the donor and the other part fn ‘
the acceptor, such that copolymeri‘zofion (curing) did not occur prior to combination of
the comonomers.

Conventional cure chemistry is done at above-ambient temperatures to complete -
the chemical reocﬁon needed to create thermoset resins. High temperature curing also
anneals the polymer; thus, bthe morphology of the polymer is established durihg high
temperature cure, and consequently the polymer's properties do not change at frhese high
use temperatures. However, h';gh :remp’ero’rure curing is not a goal of this reseqrch.

The problem at hand, then, wq§ to identify reaction chemistry that prdceeds to
completion at or near ambient temperatures, and to specify the structure of multifunc-
tional monomers such that the morphology of the network polymer - the motfi_x resin -‘

remains insensitive to temperatures up to 350°F. A successful result would mean that

high temperature curing would no longer be required.

It has been necessary to create copolymers at room temperature having a very
high crosslink density using bis- comonomers capable of participating in donor acceptor

polymerization. The high density of crosslink reduces the mobility of the network asa
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Whole, thus leading to high glass transition femperotures.l’” It has also been necessary
to create multiphase m(;trix polymers wherein one phase permits the other to oéhieve a
maximum degree of relaxation during polymerization. This is the essence of the 2-Tg
concept, described in the body of this report, and represents a form of self annealing
chain polymerizo’ridn. The'mulﬁiphose matrix resins that result also should reduce the
brittleness often aﬁsociafed with high crosslink densify.; |

In fact, donor acceptor polymerization at ombiént temperatures described in this
report has yieldéd nrv\ofrixvpolymers possessing a high density of crosslinks. By choosing |
di- or tetrafunctional donor and acceptor monomers exemplified in Figure 4, it has been
possible‘to o.ch‘ieve the high crosslink density required in relatively short réoc’rion times,
wherein the actual mechanical performance of these polymers depends upon the nature
of R| and Ry in the comonomers. Properties like high temperature stability (low hydro-
gen content in R} and R,), high dimensional stability (high crosslink density), dry pro-
cessability (no solverﬂ), high electrical resistance (soturofed Ry and Rz), ond moisture
resistance (hydrophobic R| and R,) should be po‘ssible, properties that escapé conven-
tional crosslinking chemistry. A combination of more than two types of R groups within
a given polymerization is also possible to enhance the control of properi‘ies. Choice of
IMMISCIBLE fr'ogments within RI and Ry will permit molecular phase sepordﬁon to

occur after seif annealing (the 2-Tg concept).

2. MONOMER SYNTHESIS

Di-; and Tetrafunctional Vinyl Ethers. Due to the lack of availability of  monomers
- of this nature, it was necessary to devise synthetic routes to both low molecular weight
versions of di- ‘and tetrafunctional ethers dnd high molecqlor weight \)ersiqns of the
same. Additionally, we synfhesized tetrafunctional versions of polydiméthylsiloixq’ne to

be used in the 2-Tg approach to high Tg materials.




-

The synthesis of di- ond tetrafunctional vinyl e"rhers proved to be difficult, and it
was necessuary to explore a number of synthetic routes to create monomers of interest to
us. Speci‘ficaﬂy, we examined William.son ether syn?he§is chemistry,|8 phase transfer
synthesis t:’hemistry,!9 mercuric acetate catalyzed vinyl trcmsetherifico'ﬁon,20 and
palladivm 1l catalyzed vinyl transetherification reactions.2! Of these many approaches,
the palladium catalyzed route appeared to be the most effective and indeed gives high
purity di- and tetrafunctional polyethers and polysiloxanes. This latter result is signifi-
cant since it provided a low energy route for the synthesis of divinyl ethers in high puri-
1y.

Figure 5 shows the synthetic route chosen for investigation in a typical Williamson
ether synthesis. This is a reported procedure18 wherein, in this case, bisphenol A is con-
verted to its sodium salt in a toluene/water mixture via refluxing. The sodium salt is
then reacted with 2-chloroethylviny! ether and DMSO at 60C, such that 5n2 chemistry
occurs at the primary alky! halide carbon, thereby creating the tetrafunctional vinyl
" ether. We found this to be an unacceptable procedure to prepare di- and tetrafunctional
viny! ethers, mainly for éxperime‘n?o! reasons. The reactions are slow, incomplete, and
solubility is difficult to predict, and since the reactions themselves are not complete, the
result is a mixture of di- and tetrafunctional monomers in the instances where tetrafunc-
tional monomers are sought.

Our attention was turned to phase transfer catalysis chemistry which appeared to
be a more productive route to the synthesis of vinyl ether monomers. The conditions
chosen for reaction are shown in Figure 6. Catalyst A and catalyst B were investigated
repeatedly, again choosing 2-chloroethylvinyl ether as the substrate for nucleophilic -
attack. There does appear to be a reaction occurring in the case of catalyst A but it is
quite slow, and interestingly enough, once the vinyl ether is prepared, it appears to poly- .
merize, probably via a cationic polymerization mechanism in the methylene chloride

layer whereby the cationic polymerization possibly is induced by the phase transfer
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HO-@-OH Lo, Cotalyst , CH2=CHOCH2CH2—@OCH2CH20CH=CHZ

CHZ C |2 / H20

Catalyst Base
A @—CHZ-N"(CH3)3CI‘ NaOH
B. 15-Crown-5 NaOH
C. 18-Crown-6 KOH

Figure 6. Phase Tronsfer Catalysis




catalyst itself. This phenomenon is quite interesting, since phase transfer catalysis

cationic polymerization has not been reported previously. We did not investigate phase

transfer catalyst further, but a publicofion'9

that recently came to our attention reports
that tetrafunctional vinyl ethers of bis phenols can be produced under certain conditions
using phase transfer catalysts.

Mercuric acetate catalyzed transetherification chemistr)'20

was investigated as
shown in Figure 7. This reaction ié done with excess ethy! vinyl ether beiﬁg preserﬂ at a
reflux temperature less than 40°C. Only a cofolyﬂc amount of mercurié acetate is - |
required. An equilibrium is established such that both di- and tetrafunctional viny! |
ethers are formed again in instances where tetmfunc'fionalb monomers are desired. The
mechanism for such a reaction is shown in Figure 8. Note that a byproduct, ethanol, is
created in this reaction, and in order fof the reaction to be driven to completion, it
becomes necessary to remove ethanol as it is being formed. This proves to be difficult»’
since the boiling point of e_thunol is higher than ethyl vinyl ether. Consequently, in an -
boﬂempf to distill ethanol, ethyl vinyl ether is removed instead, dnd equilibrium is sh“if'red'
in the dlrechon of reactants rather than products. This holds true for all vmyl ethers and

fhenr respechve alcohols that we consndered for this reaction, and this problem Ieods to

only about 90 percent completion of the exchange. Thus, one is left with 10 percent

- either difunctional viny| ether or Unreacted alcohol in the case of formation of difunc-

tional monomers.

When low boiling alcohols or diols are used as starting materials, pUre products
can beﬁr obtained by fractional disﬁlloﬁon. When a poly(ethylene vglycol) or polydimetbyl_
siloxane is used, however, separation of the product frorh the difunctionul vin_yl ether
may not be possible. To avoud this problem, an adsorphon or trapping of ethanol as it
was being formed was ot'rempted with a drying cgen’r or moleculor 5|eves. This approoch
proved to be comple»fely unsuccessful in mveshgahng the usual drymg agents such as

DryrijeTM, etc. The use of molecular sieves also proved unsuccessvfull though i_t_:did ’




o HglOAC)
HO-R-DH + CHyCH,0CH=CH, 908D+ CHy=CHO-R-OCH=CH,

‘Hg(O Ac)z o

HO-R-OH + CHyCHyOCH=CHy HO-R-OCH:=CH,

HO-RJOCH=CHy + CHyCHyOCH=CH, HoOA) o CH,=CHO-R-OCH:TH,

—R-OCHsCH, + R'OH —H®, —RO SCHCH;
RO

Figure 7. Mercuric Acetate Catalyzed Vinyl Transetherification
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Hg(OAc)y === @Hg(OAc) +©0Ac

, OAc

: Ha. 7
CHp=CHOCyHs +@Hg(0Ac) ——  CH, ® CH-0C,Hs

‘/OAc
'ng “e : v ) o .
CHy @ 2CH-0CyHg + ROH ~ ——— AcOHg-CHp~CH-OC,Hs
ROH
>

TN ® :
AcHg:CHZ-(_"H-OCZHS ———+ CHy=CH-OR +®Hg(0Ac) +@0C,H;
Ré)H H ~

CH=CH-O.R +©0CyHg ——> CHy=CHOR + CoH5OH

Figure 8. Mechorii_sm of Mercuric Acetate Catalyzed Vinyl Tronsethérifi;aﬁon
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appear as if the equilibriium was shifted slightly to the right, perhaps yielding 95 percent
conversion. o

Palladium 1l catalyzed viny! transetherification?! is by far the best route to the
preparation of the desired monomers. Figure 9 shows the reaction and mechonism- re-
sponsiblé for cmversion' to di- and tetrafunctional viny! ethers. Reaction is done at room
temperature, and requir{és successive additions of ethy! vinyl ether in order for complete
conversion to occur. Conversion is nearly quantitative, as shown in Figure 10, which
displays NMR spectra of the tetrafunctional vinyl ether of PEG 600. The extent of
conversion in these reoc:iﬁons can best be determined by '3C NMR spectroscopy. The
reactions were also folld{wed by 'H NMR wherein the olcbhol peak of polyoxyethylene

was observed to disappedr concurrent with the appearance of viny! ether signals. Further

quantification of this reaction has been done via a titration procedure and by mass spec-

{
13

tral analysis. §
The palladium cof:olyzed transetherification reaction is also used to synthesize
. tetrafunctional viny! e'rhiers of polydimethylsiloxanes, as shown in Figure 11. The ex-
change reaction proceed§ smoothly and provides a new tetrafunctional monomer for
copolymerization in general, and for application in the 2-Tg concept in particular. As is
observed in the case of 1be PEG polyethers, conversions are essentially quantitative.
Figure 12 shows tf\e viny! ethers that have been synthesized by various tech-
niques. It is clear that the procedure is general, high yielding, and has been an important
step in the achievement iof the goals set forth in this project.

Di; and Tetrafunctiona! Maleimides. The preparation of di- and tetrafunctional

maleimides proved to be rather facile, once reaction conditions were established to

maintain the small percentage of side reactions that often accompany mo_leamic anhy-

dride chemistry. Figure 13 shows the reaction sequence that was chosen in the *
preparation of a typical maleimide compound.zz'23 In the first step, nucleophilic ring

° - 3
opening of the anhydride link is accomplished at temperatures less than 20 C in either

i

12
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HO-R-OH + CHy=CHOC,Hs === CHysCHO-ROCH=CH,

No acefdl formation

MECHANISM

== -0CyHs+Pd (1D == |—> Pd
OC,Hs

. -CoHcOH ~
[— CoHsOH || Pd

OCyHg » +CyHgOH
“\Pd +ROH 'I—*Pd
/ )

" .ROH - OR

[L——-»-' Py T u\ Y
- TOR : | OR ,
) Figure 9 Palladium (11) Co’tdlyze»d Vinyl Transetherification
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)
CH2=CHO(CzHaﬂ)x(?iO)n(C2Ha0)xCH=CH2

CHy=CHOACH,),,-OCH=CH,

n=35,7,12

CH2=CHO-O-OCH=CH2

CH3CHyOCH, CH,OCH, CH,0CH=CH,

@-OCH:CHZ
cH
c:Hz=CH0CH2CHZO@.§©0CH2CHZOCH=CH2

CHy

OCH=CH,

CH2=CH0

CH2=CHO(C2H50)nCH=CH2

n= 13,22, 44

Figure 12. Vinyl Ether Synthesis
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Figure 13. Maleimide Synthesis

17




- |

methylene chloride or chloroform to generate @ maleamide acid. The maleamic acid is
purified at this point, followed by ring closure to the maleimide using the dehydrating
system, sodium acetate and acetic anhydride. The reaction is done between 70 and 80°C
over a period of roughly an hour, followed by pour.ing theiéolution into a beaker contain-
ing ice. The product then is extracted from the solution with ethyl ether and purified |
elther by recrystallization or distillation, depending upon the state of matter for the
compound.

While this procedure does appear facile, it requires a great deal of patience in
preparing the necessary maleimides since side polymerizations can be induced at high
temperatures. Figure 14 shows the di- and tetrafunctional maleimides that have been
prepared using this procedure. Figures |5 through 18 give the high field proton and
carbon NMR spectra of two amic acids and maleimide compounds, providing sound evi-

dence for the high purity of the monomers being formed.

3. THE HOMOPOLYMERIZATION OF DI- AND TETRAFUNCTIONAL MALEIMIDES
Homopolymers of maleimides are not new, and in fact, represent a class of poly-

mers that offer utility in the electronics industry, which are known as bismaleimides
(tetrafunctional monomers in the context of this reporf).zl‘ These polymers often are
used as insulating materials in circuit board constryction. Preparation, however, requires
high‘ temperature chemistry wherein radicals are used to initiate the polymerization to
form the structurally useful network polymers. Similar homopolymers were synthesized
in the course of this research in order to provide benchmark data for thermal properties,
specifically in the case of achievable glass transition temperatures. Polymerizations
were done either at 60°C using AIBN as the initiator, or at 250°C with no initiator pre-
sent. In the latter case, no solvent was present as well. The polymers exhibit a light
pink color after the polymerization, with the color possibly being due to slight oxida-

tion. Polymers were soluble in typical solvents in the case of difunctional maleimide
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Figure 14, Structures of Bismaleimides Available
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polymerizations and, of course, were not soluble in the case of tetrafunctional maleimide
polymerizations.

Figures 12 through 22 give thermal and NMR data for the linear homopolymeriza-
tion of the difunctional monomer, 2-methoxyethy! maleimide, a model compound for the
polyether maleimide network copolymers that have been prepared. Both thermal and
radical homopolymerization techniques were undertaken, and in each case, carbon and
NMR proton spectra show signals as would be anticipated for the repeat unit that is
presented, i.e., no enolate radical repeat unit is observed in these polymerizations.
Figure 21 shows that the thermal stability of the polymer itself, at least in nitrogen, is
not a function of the type of polymerization that was induced. This would be expected
since thermal polymerization occurs through a rodical procedure. Thermal stability in
nitrogen is quite high, i.e., 350 C before an onset of weight loss is observed. A slight

difference between these two spectra is observed in the range 100-350°C, a difference

- which is attributed most likely to the loss of volatiles such as water. This is not regarded

as significant. Figure 22 shows a melting point of the monomer and a slight exotherm at
130°C which appears to be related to the thermal polymerization of such a monomer.
The DSC curve also shows a glass transition temperature around 140°C. Other character-
izations of the polyrﬁer such as CHN analysis are consistent with the expected struc-
ture. These linear polymers provide database points for comparison with network poly-
mers, such that the degree of network formation necessary in producing useful resins can
be estimated. Of course, the utility of these linear polymers is low due to their solubil-
ity, i.e., a lack of solvent resistance.

Figure 23 shows DSC curves for a tetrafunctional maleimide spaced with propy-
lene oxide before Heoﬁng and after heating at 150°C for a half hour. This experiment
provides further evidence that therrﬁal polymerization, i.e., without added initiator in

butk, indeed seems to occur in the regime 140-150°C, thereby yielding a polymer with a
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glass transition tempergture of around 14 C. These polymers in this case were insolu-
ble, yet nonetheless, the evidence is interesting - that low temperature thermal homo-
polymerization, which at once had been thought not to be possible for maleimides, indeed
appears to occur over a period of a half hour at a relatively low temperature. The linear
polymer is low in molequlor weight, however, yielding vapor pressure osmometry values
less than 5000.

Figures 24 through 27 show TGA data for a series of tetrafunctional maleimide
homopolymers in comparison with their linear ano!ogués. For example, in Figure 24 a
dramatic increase in thermal stability is observed from slightly less than 400°C to slight-
ly more than 500°C in the case of the thermal maleimide compared with its analogous
tetra functional monomer. A similar increase is also observed for 2-methoxyethyl male-
imide in comparison with its tetrafunctional monomer, though the increase in stability is
somewhat less than is observed for phenyl maleimide. This is not really a surprise since
it is a case of dealing with flexible versus rigid crosstinks between chains; however, it is
important that flexible links between chains be present to provide the impact resistance
sought in such a resin, and it is clear to note that flexible spacers indeed can be useful
since thermal stability here is observed up to 450°C. These runs were done in nitrogen;
however, evidence shows that good thermal stability also exists for polymers under
ambient exposure conditions. Figure 26 shows that thermal stability is not a function of
the nature of polymerization, i.e., radical or thermal polymerization, as was the case for
linear polymerizations (Figure 21).

Figure 27 compares the thermal stability of the requisite diamine with its tetro-
functional maleimide polymer. Polymer B shows that the diamine has thermal stability
to somewhat less than 270°C whereas its polymer shows thermal stability exceeding that

value with an onset roughly of 340 C.
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4. LINEAR SOLUTION COPOLYMERIZATION OF VINYL ETHERS AND MALEIMIDES v
A serles of linear donor acceptor polymers‘were synthesized using dlf_Uncﬁonol
vinyl ethers and difunctional maleimides, wherein the synthesis was conducted in solution

in order to creo're polymers whose glass transition femperature would reach at a maxi-

mum valuve. Here, the solvent permns lhe growing polymer chain to achieve its highest

molecular weight (vitrification is not a factor), followed by precnpn‘ohon under condi-
tions which permit the polymer to exhibit its l'lighest possible glass tronsiﬁon tempera-
ture. A typical synlhesis is shown in Figure 28, where polymerizations were conducted
with a standard Horner-Schwenk inlﬁotor:system in methylene chloride at room fempero—
ture. Figures 29 and 30 show the DSC behavior and TGA :behovior respecﬁvelykfor lirledr

polymers prepared in this fashion. Decomposition temperatures are in the range of 320-

- 380°C, and glass transition temperatures, which are a function of the nature of lhe

substituent (R in Figure 28), were within the range of 130-160°C. Though these values

are of interest, it is apparent that the glass transition temperatures are lower than

- needed for the materials sought in this research. However, since the polymers are linear,

rather than networks, the results were encouraging, since network polymers typically -

“have Tg values 30-60C higher than their linear analogues.

5. N.-'_TWORK SOLUTION COPOLYMERIZATIONS OF VINYL ETl-ERS
+ AND MALEIMIDES

Onoe'hdving esloblishcd bcnchmork therimal vdluos for |ineor polymers,’ a seriesk'of
network polymers were prepared in solution in order to observe the mogm'rude of in-
crease in the glass tronsmon ’rempero'fure. As described prev:ously, the polymenzcmons
were condue_ted in solullon to alleviate problems associated w\nfh{vnnflcvqhon, thus
permitting the growing network to relax fo its most stable thermodynamic state. Conse- |
quently, the h‘ighesf»posslble gloss transition temperatures could be observed. '-Tl\e syn-

thesis of such polymers using tetrafunctional moleivmldes and ‘letrofuncﬁonal vinyl ethers

is shown in Figure 31. Typical DSC data and TGA data are given in Figures 32 and 33,
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Figure 28. Synthesis of Linear Polymers via Donor Acceptor Polymerization
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respectively. These polymerizations were conducted in a manner identical to that for

generation of linear pofymers in solution, yet as the polymerization proceeded, ge! for-

mation was observed as is expected in the formation of any network polymer. The poly-

merization was permitted to continue until apﬁarent reaction had ceased, then the sam-

ples were precipitated and purified as done in @ manner identical to that for the linear .
polymer systems. -

The thermal performance of these network polymers was significantly better than
that for the linear polymers, again as might be expected. For example, TGA decomposi-
tion temperatures were in the range of 350-470°C, or up to 100 degrees higher than the
case of linear polymers. More importantly, the DSC glass transition temperatures
showed an increase to a range of 170-210°C, again significantly higher than the case for
linear polymers. It should be noted that both of these ranges are acceptable with respect
to the thermal performance sought in the desired materials.

Note also that this polymerization procedure, i.e., polymerization in solution,
permits full relaxation of the polymer chain, thereby creating a polymer whose glass
transition temperature is at a maximum value. Consequently, it is clear that maximizing
chain mobility by conducting the polymerization in solution is a positive feature which
might be imitated during bulk polymerizations, if in fact the "solvent" could covalenﬂy
bound into the network polymer itself. These data, both for the linear and network
~ systems, suggest that donor acceptor polymerization yielding useful network polymers is
viable if the network can be fully relaxed during its formation. This is the essence of the

2-Tg concept.

6. BULK POLYMERIZATIONS OF MALEIMIDES AND VINYL ETHERS
A specific goal of this research is to create network polymers in the absence of
solvents such that problems associated with solvent could be avoided. Consequently, bulk

polymerizations were next in the series of studies done during the course of this
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research, where the first exberiments were conducted using the AIBN as the initiator at
60°C. These f'elaﬁvely high temperature polymerizations were done in order to create
network polymers having optimal thermal properties, and typical series of pdiymerizo;
tions are descriBed in Figuré 34, All polymerizotions wéfe taken to apparent completion,
i.e., for time periods that would assure a maximum degree of monomer c0nvef5ion. |
Figure 34 also shows a series of network polymers which were prepared containing poly- . |
oxyethylene 1000-tetrafunctional vinyl ether (Compound 5), polypropylene oxide 2000-
tetrafunctional maleimide (Compbund 6). |
' The data in Figure 34 sfu;w that fhe decomposition temperature for fHese copoly-
mers fell in a narrow range between 370-400°C, which is occebtoble ‘fc_)r' the applications
in mind. Note olso}hut even for compositions possessing as much as 20 percent by
weight polyether, the decomposition ’rempérm‘ure's are acceptable, and in fdct, octuollyk
higherv in value than is the case for some polymers containing 10 percent polyethér. i
~ This is a particularly encourdging result and suggesté that the use of polyethers as -
"solvents" for the 2-Tg concept appears viable, at least from a perspective of thermal
stability of thése polymers. Stated differently, it means tht the pglymerizaﬁon can
occur wherein the r;o,lyether acts as the solvent early in the polymerization followed by
gel'f{)rmoﬁ'on as a result of the creation of networks. Thé._d'ifference between the true
“solution pol‘ymerizctvion reséorch, ivs’ the "solvent" (the polyether) becomes covalently

bound to the network, and thus does not become a volatile component.

After achieving fhis Ievél of undersfcnding for 60°C bulk polymgfizotiohs, atten-
tion was turned to polymerizations at qmbien'f_ 1emperotures.25f29 A HornerfSQhwenk ‘
initiator system was used where formaﬁon of rddicals at am‘b;lentv_ tempefoture is illus-
trated in Figure 35. This i‘ﬁ'iﬁato’r system is well kncwn30 and procﬁipceAs,‘rod'iCol‘s of‘
sufficiént quantity at room temperature fo induce rodical polymefizctiohs, porﬁcuidrly
those that are easily initiated, such as is the case for donpr' acceptbr po|ymerizqﬁon. A

series of polymerizations were conducted at ambient temperature with variables being
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chosen as illustrated in Figure 36. While these reactions did not appear to proceed to
complete conversion under ambient polymerization conditions, most likely due to vitrifi-
cation, it is clear from solid stof‘e NMR spectra that the polymerizations proceeded well
enough to generate network systems. Conversions of between 70 and 80 percent could be
observed, as shown by the solid state NMR spectra in Figure 37. Network polymers ’
prepared with varying weight percent polyether from 0 percent (no polyether was added)
to 15 percent showed TGA thermal stabilities under nitrogen in the range of QOOOC, and a
glass transition temperature in the range of 170°C. Consequently, even though vitrifica-
tion prevented complete conversion of functional groups, the polymers that were formed
appeared to be possess thermal properties of interest for the applications at hand. It
should be noted, however, that these polymers exhibit an exotherm, albeit a small one, at
temperatures less than 200°C, suggesting that the reaction could be continued at temper-
atures higher than glass transition temperature.

. Conclusions drawn from these bulk polymerizations suggest that network poty-
mers, based on donor acceptor polymerization chemistry, may indeed possess the thermal
properties required for the applications desired. However, an understanding of the
reasons for a lack of complete conversion is important, and consequently, further re-
sedrch was undertaken to quantitatively determine the extent of cure in these reac-

tions. This research is described in the following section.

7. A SPECTROSCOPIC STUDY OF THE EXTENT OF CURE
Determination of the extent of reaction in network polymerization (the extent of
cure) is always difficult to accomplish, since the product of these reactions is an insolu-
ble solid. Approaches to this problem have consisted of performing solid state analyses,
such as measurement of the thermal behavior of these polymers by differential scanning
calorimetry, where the presence of an exotherm is thought to represent further reaction

(further conversion of functional groups or curing).3| While this most likely is the case,

46



I

s 4
cu,.‘quqc.u.)om.m, + CM’*G;H;
| s
Choice of corriondmef
~ CHym CHO(C,H,OnCH = CH, ' MW 600, 1000, 2000

| CHym CHOIC;H(OIn (SIO)X(CH,OInCyH,OCH CHy

| . o
a ' Eﬂ'(caw-cl'ﬁ"—"
e

: Weightpemntqféonmomer
 Initiator system

Temperature

Fiéu’re 36. Bulk Polymerization at Ambient Temperature

47




o

CH;=CHO (CH)OCHaCH; 4 E:N. CHe  + CH, = CHO (C;H,C: )33 CHl = CH,
o

Product from Solution Polymerization |

Product from Bulk Polymerization

g - ™ T 14 r—— T T 'Y ' g v 4 4 v
e 1 100 »

¢ rou

Figure 37. Solid State NMR Spectra

43




it remains circumstantial evidence for a lack of full curing. Other methods ‘opproochlng
this problem include reflectance infrared spectroscopy where the change in funchoncl
group concentration is observed. This is difficult since it isa chollenge to obfom mean-
ingful quantitative data. -

lrl the course of this research, ‘vy:e conducted a solid stote NMR chorocferizolion of
these polymers and witnessed a chonge in the concentration of the reactlng functionol
groups, i.e., the maleimide funclionol group and the vinyl ether functional group (see
‘Flgure 37). While these spectra are useful, and in fact suggest that it may be posslble to
do solid state NMR determinoﬁons of pe‘rcehl of conversion, these data are qualitative in
their nature, and simply suggest that extent of cure is not yet complete. Only esﬁmoles '
of the extent of use can be made. |

In order to address this problem, a series of linear donor occeplor polymerlzoﬁons
of difunctional maleimides and difunctional polyethers were conducted in the bulk state,
and consequently, polym’erizoﬁobs proceeded as mlgbf be the case for a bulk network
polymerization. The polymerlzo’non continued until the solid state was formed at room
'1emperature, i.e., un’nl chain |englh had reached a point where solidification become an
lmportont change in state. An assumption was mode lhot solidificaﬁon repr'esenls "vh‘rl-
fication" as would be the case in network formcmon. The major dlfference, of course, is
lhol the linear polymers remomed soluble, and hlghly accurate soluhon NMR spectro-
scopy could be used to determlne percent conversion. Usung this lechmqoe, which we
term "network imoglnvg via bulk‘ linear polymer-i}zollon", we.hove studied ‘lhe extent of
reaction (cure) by proton_NMR speclroscopy, vorylng poror_neters within the initiating - '
system itself. 7 | | ’ |

A speclflc donor acceptor copolyrr\.erizotion of N-me'rhyl maleimide dnd N—bofyl
viny| ether \rJo’s chosen, using two different initiator systems, benzoy!l peroxide/dirr\efhyl-
aniline, and benzoy! peroXide/dime1hyl’roluldine. Data from 'rhe‘se polymerizoﬁons are

‘ presented in Figore 38. In 1hese experlrr\enis, the weight percent peroxide was vo‘ried
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from 0 - 4 weight percent, and it became evident that a maxirmum degree of reocﬁon’.
(cure) could be obtained for both initiator systems when the weight percent be’nioyl
peroxide equoled'of least | percent., Undef the‘se‘condi’rioné, the extent of cure ‘
qpproaches 90 percent, which is excellent, if in fact such‘ a system is proﬁerly ’imagés
vitrificofion in network polyvmer systems. -

Figure 39 shows the doto' for these twb initiator systems in comparison with two
‘other systems, t-butylperoxypivilate/dimethyltoluidine and t;bufylperoXymol_eic acid/di-
methyltoluidine. Again, the extent of reaction (cure) was determined aCCurdfely using
high resothion, solution NMR sﬁecfroscopy of the linear polymers formed in the bulk |
state. These data show that the peroxide of choice is benzoyl peroxide. The latter two
initiator systems acted very péorly under ambient ferhpera'rure conditions, w’he\re curés
were less than 50 péréent in all cases, and in some cases were less than 20 percenf; It is
clear from these data that using bulk polymerization conditions fdr |fneor polymers .
provides an accurate tool to predicf the U’rili'ry of various i‘nifiafor‘sysfems for network
polymerization, and on the basis of this data, benzoyl peroxide/dimefhyIfoluidirje was
chosen as the initiator for optimal performance.

As a matter of adjusting the ratio of benzoyl peroxide c‘mgi‘dimefhyltolui‘din‘e,; a
series of experiments were conducfed Using N-mefhylmoléimide’ and isqbufyl vinyl etﬁer
as the linear copolymerizihg donor occepfor pair. The dimethyltoluidine benzoy’l perdx-‘-
ide molar ratio was varied from 0 to approx:mutely 6, and these data are presented i in
Flgure 40, The conclusion drown from the results suggest that the molar rc'no of DMT to

DP should be a value of one or less.

8. EVOLUTION OF THE 2-TG CONCEPT FOR HIGH TG POLYMERS
One of the objectives defined in the original proposal subrhiﬁed three years ago
provndes the genesxs for the 2-Tg concept, which has evolved in the course of this re-

seorch The proposol suggested that polyethers could be used as comonomers durmg
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Copolymerization of N-Ethylmaleimide and n-Butylvinylether
+ with Benzoyl Peroxide/Dimethyltoluidine

3-14A 0.52 76
3-14B 0.95 13
3-14C 1.37 13
3-14D 1.90 18
3-14E 3.17 17

Copolymerization of N-Ethylmaleimide and n-Butylvinylether
with Benzoy! Peroxide/Dimethylaniline

Sampl Weight P Peroxid P Maleimide U |
3-13A 1.96 22
3-13B 2.30 19
3-13C 2.73 14
3-13D 2.80 13
3-13E 3.17 16
3-13F 3.40 17

- Copolymerization of N-Ethylmaleimide and n-Butylvinylether
with t-Butylperoxypivalate/Dimethyltoluidine

Sample. Weight Percent Peroxide Percent Maleimide Unreacted
3-20A 0.32 56
3-20B 0.56 82
3-20C ©0.63 53
3-20D 1.03 79
3-20E 1.58 88
3-20F 1.99 54

Copolymerization of N-Ethylmaleimide and n-Butylvinylether
with t-Butylperoxy maleic acid/Dimethyltoluidine

Sample. Weight Percent Peroxide Percent Maleimide Unreacted
3-24A 0.51 39
3.24B 1.01 87
3-24C 1.37 65
3-24D 1,98 68
3-24E 243 64

3-24F 292 74

Figure 39. Measurement of Extent of Cure in Linear Polymers by Proton NMR
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donor acceptor network copolymerization, such that the polyether would permit the
network to relax and olgo would phase separate to serve as an energy absorbing phase.
As our research progressed, it became clear that the polyether could sefve another
purpose, that being to act as the solvent to permit attainment of the highest possible
glass transition temperature during formation of network polymer at room temperature.
Figures 41 and 42 demonstrate that the 2-Tg concept indeed can be verified experi-
mentally.

The 2-Tg concept requires that both a high Tg and a low Tg phase exist in the
network polymer itself, wherein the low Tg component acts as a solvent permitting full
relaxation, and the high Tg phase forms the "working" network. In our case, the low Tg
component has been polyoxyethylene or polydimethylsiloxane terminated with required
functionalities. For example, in Figure 41 the copolymerization of low molecular weight
and high molecuI;Jr weigﬁt fétrofuncﬁonol vinyl ethers with tetrafunctional bismalei-
mides shows that a distinct increase in the glass transition temperature is apparent even
with as low a weight percentage as 2.5 percent polyether. Stated differently, the glass
transition of the copolymer in the absence of the low Tg component is 236 T, whereas
the glass transition temperature of the copolymer containing a low Tg component in-
creases to 252°C. This increase in glass transition temperature can be attributed directly
to the presence of the low Tg component solvent which permits natural relaxation of the
network as it is being formed. Note also in Figure 4| that the TGA data show acceptable
values.

Further verification for the viability of the 2-Tg concept can be seen in Figure 42
where two network copolymerizations are illustrated graphically. In this case, N-methyl-
maleimide is copolymerized with the tetrafunctional viny! ether butene diol with increas-
ing percentages of two different types of polyethers. For comonomer B, the polyether
has a number average molecular weight of roughly 1200, and for polymer D, the number

average molecular weight is approximately 2200. Both polymerizations were conducted
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Figbre 41. Thermal Data Verifying the 2-Tg Concept '
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Figure 42. DSC Data Verifying the 2-Tg Concept
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in essentially the same fashion using the benzoyl peroxide as the initiator system. Poly- '
merizations were conducted at 70°C for two hours in 40 m! thick silicone molds to pr6~
duce "dogbones". |

The data clearly indicate an increo.sing trend in glosS frohsifion fémperdfure as a
function of increasing the weight percentage of the low Tg component.. Figure 43 also B
illustrates that for a variety of copolymers of a similar nature the 'rhermol‘deco'rr’\posiﬁon
temperatures are sufficiénf-ly high. | |

Fino‘lly, while the mechanical performance of these polymers was not determined,
one would anticipate that the low Tg phase would enhance the impact resistance of fhe

networks. -

9. CONCLUSION - WHAT NEEDS TO BE DONE

The 2-Tg concept to high Tg polymers represents a noyel oppréaéh to solving an
old problem, that being how to cred’re high temperature performance poIYmers under
ambient 1empéroture polymerization conditions. The solution to this problem would
provide ample ‘dpportunity for applications, not only in the aerospoée arena, but in other
ateas where high performance polyhers are required under routine polymerization condi-
tions. Figure 44 summarizes a series of polymerizaﬁonsy done at 7}O°C’, and represents
data roughly equivulent to that expected for ambient ’rempemfure conditions. These a
data show that glass transition 1emperotures can be enhanced by choosmg comonomers
that act as "solvents", ond that the "onset of decomposmon" femperoture as meusured by
TGA analysis under n|trogen |s sufflcnenfly high to make the polymers themselves mter-
esting. The data olso show 1hof the reachon systems exhubn small exotherms at 1emper- '
atures around 200°C, mdncotmg that extent of cure_ is not complete, though these exo-
therms in almost every case are Eélotively small and are occurri‘ng at 1émpefo1‘ures

higher than anticipated use temperatures.
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Figure 43. TGA Data
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 Sample  Comonomer® Weight%°  Onsetof Decomposition! T,  Exothemn

2-74 - - 411°C - 1679C -
3-6A A 20 434 S
3-6B A 15 414
3-6C A 10 424 . 180°C(s)
3-7B B 15 407 182 199(s)
3.7C B 10 408 170 195(s)
3.7D B 5 417 172 135(s)
3-7E B 3 408 170 —
3.7F B 1 | 397 162
3-73A C 20 408 177 195()
3-73B C 10 | 434 g}gg(s)
3-73C C 3 423 | 127(s)
o 215(s)
3.74A D 20 419 170 1200)
3-74B D 10 425 183 123(1)
- 210(s)
3.74C D 3 425 180 128
3.75B¢ B 10 412 | 18
. - , ' 190(1)
3.75C B 3 | 415 - | 132

190()

3Polymerized with lauryl peroxide at 70° for 2 hours in 40 mil thick silicone rubber molds.
bA: dmnylether of PEO/PDMS ABA block copolymer (mol.wt. 2400)
B: divinylether of PEG 1000

C: divinylether of PEG 600
D: divinylether of PEG 2000

°Pcr¢entagc of weight of copolymer. ,.
dMeasured in air atinosphere.

*Polymerized with benzoy] peroxide/ dimethyltoluidine at room tempertutc in 40 mxl thick silicone
rubber molds. , v

anure lm Thermal Charoctenzohon of Modified Copolymers of N-thylmolenmnde
- and the Diviny! Ether of Butanediol® ,
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The 2-Tg concept is only two years old and needs to be explored further in order
to develop useful materials from such a novel approach. A systematic investigation of
the correct volume percentage of "solvent" required, the nature of the "solvent" itself,
and the structure of an appropriate ambient temperature initiator system, could yield
materials of practical value.

For example, our preliminary research suggests that only low volume percentages
of "solvent" are required in order to fully relax the high Tg network to an optimum value
for its glass transition temperature. This needs to be investigated in more detailed
fashion. Second, the nature of the "solvent" jtself needs to be investigated since it would
appear that the Tg of "solvents", such as polyoxyethylene or polydimethylsiloxane, may in
fact be much lower than needed. Selecting a "solvent" whose glass transition tempera-
ture is just slightly lower than the polymerization temperature may be all that is actually
required, in which case its negative effect, if any, on overall properties of the polymer
will be reduced to a much larger extent. Finally, the research designed to determine
optimal cure under various initiator conditions suggests that a broader study of such

initiator systems is merited. We recommend that this research be actively pursued.
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